Abstract: The kinetics of oxidation with ozone of 1,3,6-naphthalenetrisulfonic acid was analysed by studying the in¯uence of different experimental parameters such as the concentration of tert-butyl alcohol (2-methyl-2-propanol), initial concentration of the acid, pH, and temperature. The rate constant of the direct reaction at 25°C was calculated (k D = 6.72 M À1 s
INTRODUCTION
Ef¯uents from the textile industry present elevated concentrations of sulfonated polyphenols, 1 ranging between 10 and 80 mg dm À3 and with a mean concentration of 31 mg dm À3 . These ef¯uents are composed of a great variety of chemical compounds, including naphthalenesulfonic acids.
Due to their deactivating nature, sulfonic acid groups give these compounds a high solubility in water and a low reactivity against electrophilic addition reactions. This makes these compounds highly resistant to biological treatments. Reemtsma et al 1 reported that only monosubstituted compounds can be eliminated by conventional treatments, whereas the di-and tri-sulfonates remain unaltered for a long time. Lange et al 2 observed that the concentrations of these compounds at the point of entry into the river Rhine were similar to the concentrations measured 40 km downstream.
Their low biodegradability and possible toxicity means that these contaminants are considered of environmental importance. Some researchers 3 proposed the concentration of 1,3,6 naphthalenetrisulfonic acid (NTS) as a parameter in the quality control of water for human consumption.
NTS is used by the textile industry to synthesise azocolorants and has been detected in surface waters at concentrations of 20±100 ng cm À3 . Conventional water treatments are not effective in eliminating this type of compound, for the abovestated reasons, so that treatments with oxidising agents are necessary. Ozonation has been successfully used in the destruction of numerous compounds with aromatic rings, with the resultant formation of molecules that are more biodegradable. Reactions of ozone with organic molecules in aqueous solution can occur by two mechanisms: 4, 5 through direct attack of the molecular ozone by cycloaddition or electrophilic reaction; and through indirect attack by free radicals, mainly hydroxyl radicals produced by the decomposition of the ozone in aqueous medium. 6 Ozone is very costly, therefore, the kinetic parameters of the reactions of ozone to oxidise pollutant organic compounds need to be determined in order to establish the feasibility of its use in water treatment and optimise the parameters required in the design of reactors. The purpose of the present study was to study the process of ozonation of NTS, selected as representative of this family of compounds. To this end, we studied the in¯uence of different experimental parameters on the degradation process of NTS, the kinetics of this process, and the mechanism of reaction between the ozone and this contaminant. This study is part of a wider ongoing project on the decontamination of waters containing NTS through its ozonation and on the role of adsorbent solids in this process.
supplied by Merck. In the liquid chromatography, tetrabutylammonium bromide, TBABr (Fluka), was used as ionic exchanger and NaH 2 PO 4 (Merck) as pH regulator in the mobile phase. tert-Butyl alcohol (2-methyl-2-propanol, T-BuOH) (Merck) was used to scavenge radicals.
Experimental system
The experimental system (Fig 1) consisted of a 2 dm 3 agitation reactor, covered for temperature control and an OZOKAV ozone generator with a maximum capacity of 76 mg O 3 min À1 operating at 25°C and 1 atm of pressure, with sampling accessories, gas inlet and outlet, and reactive feed. The reactor operates in semi-continuous mode and is ®tted with four equally spaced baf¯es to avoid vortexes.
In each experiment, the reactor was ®lled with 1 dm 3 of aqueous solution, which was buffered with the appropriate amount of orthophosphoric acid and sodium hydroxide to attain the desired pH values (2, 7, 9) . Once the desired temperature and partial ozone pressure were adjusted, the gas stream was introduced into the reactor for 35 min, until saturation of the aqueous solution was attained. One cm 3 of an NTS solution (25 g dm À3 ) was then injected and the study commenced. Several samples were withdrawn from the reactor at regular time intervals to analyse concentrations of the compound under study and of the dissolved ozone. The ozonation reaction was blocked with the use of sodium nitrite.
For the determination of the stoichiometric coef®-cient of the reaction, the reactor was used in discontinuous mode, and the experiments were conducted by mixing aqueous solutions of ozone and contaminant at known concentrations. The ozone solution was prepared by bubbling a stream of ozone± oxygen through ultrapure water until saturation was attained, while variable volumes of concentrated solution of the compound (25 g dm À3 ) were injected. At 120 s, a sample was taken, the amount of ozone and contaminant consumed being measured. As in the semi-continuous experiments, the ozonation reaction was blocked with sodium nitrite.
Analytical method
The ozone concentration in the gas mixture was analysed spectrophotometrically, 7 using a Genesis 5 model Spectronic spectrophometer. The concentration of ozone dissolved in the aqueous solutions was determined colorimetrically, using the Karman-Indigo method. 8 The concentrations of NTS and sodium 4-chlorobenzoate were followed using a Merck-Hitachi apparatus with UV detection. The mobile phase consisted of a solution of methanol±water (35/65), containing 5 mM TBABr as ionic exchanger and 10 mM NaH 2 PO 4 as pH regulator, with a¯ow of 1.3 cm 3 min À1 .
RESULTS AND DISCUSSION

Influence of operating variables
NTS ozonation experiments were conducted, modifying the concentration of radical scavengers (0±0.2 M tert-butyl alcohol), the initial concentration of NTS (5.75 Â 10 À5 ±1.73 Â 10 À4 M), the pH (2±9), and the temperature (15±35°C). In all these experiments, the agitation speed was maintained constant at 260 rpm and the partial pressure of ozone at 1100 Pa. The in¯uence of each experimental parameter on the degradation of NTS is described below.
Influence of the concentration of radical scavengers
A series of experiments was conducted with a pH of 2 and in the presence of tert-butyl alcohol, a compound that reacts very slowly with ozone 9 
), although its ability to react with hydroxyl radicals
) is widely known. This property is exploited to inhibit the decomposition of the ozone in the aqueous phase and thus prevent the development of the free radical reaction mechanism in the ozonation process. The pH was set at 2 in order to eliminate to the greatest possible degree the presence of these hydroxyl radicals in solution.
The effect of the concentration of tert-butyl alcohol on the ozonation of NTS can be observed in Fig 2 , which shows that a reduction in the concentration of tert-butyl alcohol caused an increase in the ozonation rate of the compound, thus revealing the presence of hydroxyl radicals in the solution. It can also be observed in this ®gure that when the tert-butyl alcohol concentration was over 0.01 M the ozonation rate did not decrease signi®cantly. It can therefore be deduced that 0.01 Mtert-butyl alcohol is the minimum concentration that produces the inhibition of all the free radicals present in solution. As a result of these experiments, a T-BuOH concentration of 0.01 M was selected for all remaining experiments.
Effect of the initial concentration of NTS
As shown in Fig 3, an increase in the concentration of NTS present in solution produced no lengthening of the time needed to accomplish its complete oxidation. At the three concentrations assayed, a minimum of 2700 s was required to achieve almost total oxidation. However, an increase in the concentration of the acid induced a marked increase in its oxidation rate. Another important fact that can be deduced from these experiments is the presence of ozone in solution regardless of the acid concentration studied. The ozone concentration remained constant and equal to its initial value (1.04 Â 10 À4 M) in all the experiments, suggesting that the direct ozonation of NTS is very slow.
This behaviour was expected, given the molecular structure of the compound under study, depicted in Scheme 1. The three sulfonic acid groups in the molecule (highly electron-withdrawing groups) induce the deactivation of the aromatic ring. Thus, the direct ozonation of NTS is disfavoured over the free radical mechanism (indirect reaction).
Bayley et al 11 proposed that aromatic compounds can react with ozone via three distinct mechanisms: (i) 1,3 dipolar cycloaddition or ozonolysis at the bond or bonds with greatest double bond character, (ii) electrophilic attack on the most polar bonds or atoms with least localization energy, and (iii) through a conjugated addition where there is a highly reactive diene. These authors reported that 75% of the oxidation of aromatic hydrocarbons occurs by 1,3 dipolar cycloaddition in the double bond with greatest electronic density (stoichiometry of reaction: 1 mol ozone per mol degraded hydrocarbon) and 25% by electrophilic attack on the most polar bond or lowest atom-localisation energy. Pryor et al 12 observed that the ozonation of alkenes with electron-withdrawing substituents is mainly produced via 1, 3 dipolar cycloaddition. Moreover, alkenes in which the double bond is connected to electron-donating groups react many times faster than those in which it is connected to electron-withdrawing groups. Beltra Ân et al 13 determined the stoichiometry of the reaction of phenanthrene with ozone to be one mol of ozone per mol of degraded hydrocarbon. This hydrocarbon reacts exclusively with the ozone via 1,3 dipolar cycloaddition.
According to these ®ndings, the ozone attack on NTS may be produced by 1,3 dipolar addition to the carbon±carbon double bonds with greatest electron density. The theoretical study of the electron density measured at the bond critical point, using the AIM theory, 14 and performed with the Gaussian 98 series of programs, 15 showed that the double bonds with the greatest electron densities are those in positions 1±2, 3±4, 5±6, and 7±8, with electron densities higher than 0.34 ea 0 À3 ; the highest one is that in position 5±6, with a value of 0.344 ea 0
À3
. Thus, the ozone attack on NTS took place as proposed in Scheme 1.
Influence of temperature
The effect of temperature was investigated in the presence of tert-butyl alcohol at pH 2, in order to observe its in¯uence on only the direct ozonation reaction. Figure 4 shows the results.
An increase in temperature induces an increase in the rate of reaction (as discussed below, that the increase in temperature reduces the concentration of dissolved ozone. This indicates a slow reaction, because there is no consumption of the initial dissolved ozone, whose concentration in solution remains constant within the range 6.25 Â 10 À5 ± 1.25 Â 10 À4 M, depending on the temperature used.
Influence of pH
Given the catalytic action of the hydroxyl ion in the decomposition of the ozone, and the likely high contribution of free radical reactions in the oxidation of NTS, the pH should be the experimental parameter with greatest in¯uence on the ozonation process. On the other hand, the pH of the medium determines the degree of deprotonation of the NTS. Thus, we determined the acidity constants for the different ionisable hydrogens present in this compound, using potentiometric titrations. It was not possible to determine the ®rst acidity constant with this method because despite reaching pH 1, there was no notable change in the pH value of the solution, indicating that K 1 < 1. However, the other two constants could be detected, obtaining the values K 2 = 2.3 Â 10 À4 and K 3 = 3.75 Â 10 À10 . We studied the range pH 2±9 in order to avoid the decomposition of the hydroxyl radicals in O À , HO 2 À , etc, which may also contribute strongly to the process of radical oxidation.
4,16 Figure 5 shows that an increase in the pH produced an increase in the oxidation rate of the compound. As discussed below, the values of the global constant,
, and 0.9815 M À1 s À1 for pH values 2, 7, and 9, respectively. This is mainly because the increase in pH causes an increase in the concentration of hydroxyl radicals present in solution. The other reason is that, according to the pK a values of NTS (pK 2 4, pK 3 10), the species present at pH 7 and 9 is more reactive than that present at pH 2, given that it is doubly deprotonised and the electron-attractant character of the deprotonised sulfonic groups present in NTS is lesser. This produces a greater electronic density in the ring, and therefore a greater af®nity for ozone. It should be noted that this increase is not linear, because the decomposition rate of ozone in aqueous medium increases exponentially with respect to the pH, as reported by Gottschalk. 
Determination of the stoichiometry of the ozonation reaction
Experiments were conducted to determine the stoichiometry of the reaction, using the reactor in discontinuous mode. In each experiment, the ozone concentration was maintained at a constant value (1.04 Â 10 À4 M) while the concentration of NTS was varied (6.91 Â 10 À6 M ±8.32 Â 10
After 120 s, the concentrations of NTS and ozone present in solution were analysed, using eqn (1) to obtain the value of the stoichiometric coef®cient (z).
Where (C O3 ) 0 is the initial concentration of ozone, (C O3 ) f is the ®nal concentration of ozone, (C M ) 0 is the initial concentration of NTS and (C M ) f is the ®nal concentration of NTS. Figure 6 shows the stoichiometric coef®cient values as a function of the initial ratio (R) of contaminant (NTS) and ozone concentrations. It can be observed that z decreases steeply with the increase in R until a plateau is reached at a value considered to be the real value of the stoichiometric coef®cient. It seems clear that at low R-values, the ozone is mainly consumed by ozonation reactions of the secondary products, whereas at high R-values, direct ozonation reaction is the only way for the ozone to disappear. It can be deduced from Fig 6 that z is one mol of ozone consumed per mol of NTS consumed.
Study of the kinetics of NTS ozonation
During ozonation, part of the dissolved ozone reacts directly with the organic compound and the other part decomposes, generating hydroxyl radicals in solution that also react with the organic compound. Thus, the kinetic equation of the ozonation of an organic compound is de®ned by
where the right hand side of eqn (2) represents the contribution of direct ozonation (r D ) and radical oxidation (r OH ) to the degradation rate of M. In the present study, the direct reaction between ozone and NTS is assumed to be second-order (®rst-order with respect to the ozone and ®rst-order with respect to the NTS 18 ). In the case of r OH , the second-order kinetics are evident, given that this term represents the reaction rate of an elementary step between the hydroxyl radical and the compound in the mechanism of free radical reaction. 19 In eqn (2), k D and k OH are the rate constants of the direct and free radical reactions, respectively.
Determination of the direct reaction constant, k D
We ®rst determined the rate constant for the direct reaction of ozonation, k D . This constant was deduced from experiments performed under experimental conditions where the free radical process was inhibited. Thus, we proceeded to perform ozonation reactions at pH 2 in the presence of 0.01 M tert-butyl alcohol, the minimum concentration at which the radical process is inhibited, as mentioned above.
In these experiments, the reactor was operated in semi-continuous mode, because the supply of gaseous ozone to the reactor was sustained in order to keep the concentration of dissolved ozone constant at 1.04 Â 10 À4 M. The initial concentration of NTS was 5.75 Â 10 À5 M, and the kinetics was determined by following the concentration of NTS as a function of the reaction time. The consumption of NTS can therefore be calculated as:
Integrating eqn (3) gives:
Thus, in Fig 7, it can be seen that when ln(C M /C M0 ) is plotted against time, the data ®t a straight line, with a regression coef®cient of 0.9983. It can be deduced from this ®gure that the value of k obs is 0.0007 s À1 , and therefore the value of k D is 6.72 M À1 s À1 . This value is similar to that determined by other authors for organic compounds with low electron density in the aromatic ring. 5, 9, 20 This rate constant of the direct reaction is related to the temperature by the Arrehenius equation. Thus:
The activation energy for the direct ozonation reaction of NTS determined in this study (37176 J mol
À1
) is very similar to that reported by other authors for compounds with a naphthalenic structure 13 and for benzene derivatives with low density of charge in the ring. 21 The value of k D obtained is very low, implying that the oxidation of this compound was mainly by a free radical reaction. This is demonstrated by the contribution of the direct reaction to the total oxidation (d) at different pH values, which was calculated with eqn (6) . The results are listed in Table 1 .
An interesting result which can be deduced from the data in Table 1 is that at pH 2 the contribution of direct ozonation to the total oxidation of the NTS is only 20% and that this contribution decreases sharply with increases in the pH, because of the greater concentration of hydroxyl radicals in solution. The oxidation of NTS was therefore by the radical mechanism, regardless of the pH used. Thus, ozonation may be considered an advanced oxidation process for this family of compounds. ). To employ this method, it is necessary to know the kinetic constant of one of the compounds, designated the reference compound (M 1 ). Assuming that the reactions are taking place according to kinetics of pseudo-®rst-order, the constant of the compound (M 2 ) can be calculated using eqn (7) .
With this method, the kinetic constant relative to the free radical mechanism for NTS was calculated from experiments conducted in alkaline media (pH 9), in order to favour the free radical mechanism, using sodium 4-chlorobenzoate as reference compound. Table 2 ). The value of k rel = k M2 /k M1 was independent of the ratio of concentrations used for its determination, con®rming that these are competitive reactions.
Considering k rel to be the mean of the values displayed in Table 2 , it can be deduced that the constant of indirect reaction of NTS is 3.7 Â 10 9 M
À1 s
À1 . This value is very high, and similar to that reported in the literature for most aromatic compounds. 22 
CONCLUSIONS
Our study on the oxidation of 1,3,6 naphthalenetrisulfonic acid with ozone showed that an increase in temperature and pH enhances the degradation of this acid. The stoichiometry of the direct ozonation reaction was one mol of ozone per mol of NTS. The direct reaction constant, k D , was 6.72 M À1 s À1 and the radical reaction constant, k OH , was 3.7 Â 10 9 M À1 s À1 . The contribution of the direct reaction of ozonation was very low, even at acid pH, suggesting that the ozonation process can be considered as an advanced oxidation process for this family of contaminants. The radical reaction proved more ef®cacious in oxidising NTS. The removal of this acid from water will therefore be favoured under the experimental conditions that enhance the generation of free radicals, ie high pH values and absence of T-BuOH.
